Four different designs of partially built hard disk write heads with a yoke comprising four repeats of NiFe (1 nm)/CoFe (50 nm) were studied by both x-ray photoemission electron microscopy (XPEEM) and time-resolved scanning Kerr microscopy (TRSKM). These techniques were used to investigate the static equilibrium domain configuration and the magnetodynamic response across the entire structure, respectively. Simulations and previous TRSKM studies have made proposals for the equilibrium domain configuration of similar structures, but no direct observation of the equilibrium state of the writers has yet been made. In this study, static XPEEM images of the equilibrium state of writer structures were acquired using x-ray magnetic circular dichroism as the contrast mechanism. These images suggest that the crystalline anisotropy dominates the equilibrium state domain configuration, but competition with shape anisotropy ultimately determines the stability of the equilibrium state. Dynamic TRSKM images were acquired from nominally identical devices. These images suggest that a longer confluence region may hinder flux conduction from the yoke into the pole tip: the shorter confluence region exhibits clear flux beaming along the symmetry axis, whereas the longer confluence region causes flux to conduct along one edge of the writer. The observed variations in dynamic response agree well with the differences in the equilibrium magnetization configuration visible in the XPEEM images, confirming that minor variations in the geometric design of the writer structure can have significant effects on the process of flux beaming. Increased hard disk write head fields with consistent rise times on the picosecond timescale are necessary to meet demands for greater storage densities and data rates within perpendicular magnetic recording technology, 1 while avoiding erase after write phenomena 2 and popcorn noise. 3 The writer is a complex three-dimensional nanoscale structure, comprising three distinct regions: the yoke and pole tip connected by a flared confluence region. A number of advanced techniques have been developed to probe the non-uniform magnetic state of the structure, including electron holography, 4 Kerr microscopy, [5] [6] [7] and photoemission electron microscopy. 8 Previous experimental studies either have concentrated solely on the pole tip region from the perspective of the air-bearing surface 9, 10 or have been unable to provide high enough spatial resolution to resolve the pole tip and confluence region. [11] [12] [13] A stable equilibrium state, particularly in the confluence region and pole tip, is essential for producing a reliable write field while the magnetization dynamics within the yoke can significantly alter the amplitude and temporal form of the write field. 14 In this study, writer structures with a multilayered yoke were imaged with both x-ray photoemission electron microscopy (XPEEM) and time-resolved scanning Kerr microscopy (TRSKM) to provide information about the equilibrium state of the entire writer structure and the dynamic response of the yoke, respectively. Four devices of different geometries were studied to characterize the role of shape anisotropy in the formation and stability of the equilibrium state, as well as any effect of shape on flux conduction.
The sample consisted of a 9 Â 9mm 2 wafer piece containing a number of partially built writer structures with the yoke formed from four repeats of a NiFe (1 nm)/CoFe (50 nm) bilayer designed for a high magnetic moment and low coercive field. The geometric parameters, shown in Figure 1 (a), were varied to produce writers of different shapes. All writers had a yoke recess (YR) of 1.6 lm, bridge length (BL) of 1 lm, and bridge width (BW) of 0.4 lm. The parameters that varied between writers are shown in Table I . The structures all had uniaxial anisotropy, induced by field annealing, with the easy axis oriented in-plane and perpendicular to the symmetry axis. A total of 12 different writer designs were imaged using XPEEM. The four selected here exhibit the full range of behaviour and demonstrate general principles, while two are directly relevant to recording technology.
The equilibrium domain configuration of the devices was imaged directly by XPEEM using x-ray magnetic Images were obtained using left and right circularly polarized soft x-rays at the iron L 3 edge and pre-edge (707 eV and 703 eV, respectively). Images were programmatically corrected for sample drift and between 10 and 40 were averaged together to reduce noise. On-edge images were then normalized relative to their corresponding pre-edge image before the subtraction of opposite polarizations, producing an image showing magnetic contrast. To investigate the stability of the equilibrium magnetic state between write processes, a 2 kG magnetic field was applied ex situ along the symmetry axis and then removed before re-imaging.
A schematic layout of the TRSKM setup used for dynamic imaging is shown in Figure 1 (c) and has previously been described in detail. 11 The writers were excited with an electrical pulse of 2.2 ns duration (FWHM) and 12.7 V amplitude, shown in Figure 3(a) , passed through the coils C1 and C2 at a 1 MHz repetition rate, corresponding to an inplane field of approximately 200 Oe throughout the yoke. The magnetodynamic response of the writer was probed by an 800 nm laser pulse of 100 fs duration focused onto the writer surface by a 60Â microscope objective to give a spot size of %600 nm diameter. Each image took approximately 20 min to acquire, with pulses being acquired for 100 ms at each pixel. A 1.5 kG field was applied perpendicular to the symmetry axis of the device to set the equilibrium state before beginning the dynamic measurements. No external bias field or DC was applied during the measurements.
Figure 2(a) shows the equilibrium state of device 1 measured by XPEEM both before and after saturation by a 2 kG field oriented along the symmetry axis. Prior to the application of the field, the magnetization appears to form a large single domain, with orientation orthogonal to the symmetry axis, occupying the yoke and confluence region, with a smaller domain above the back via. After the application of the field, the magnetization has reversed throughout most of the writer. Crystalline anisotropy is clearly dominant since both domains have magnetization perpendicular to the symmetry axis rather than parallel to the symmetry axis as preferred by the shape anisotropy in the device. As the magnetization rotates to align with the applied field, it does so asymptotically through a process of domain rotation. Upon reaching the saturation field, the magnetization irreversibly jumps across the hard axis, 15 relaxing into the antiparallel state.
The sample drift over time, combined with the %300nm height of the device above the substrate surface, led to the appearance of high-contrast edge artefacts around some devices. These artefacts have been largely, but not completely, cropped from the images presented here to maximize the available contrast range.
The equilibrium state of device 2, a rectangular reference device, is shown in Figure 2(b) . Both before and after the application of the external field, the device exhibits the same flux closure state, with the same magnetization orientation. This was expected, as both the crystalline and shape anisotropy favour the magnetization aligning perpendicular to the symmetry axis of the device.
Devices 3 and 4 (Figures 2(c) and 2(d), respectively) represent more typically shaped devices. Only the flare angles differ between the two devices, giving device 4 a longer, more uniform confluence region than device 3. Devices 3 and 4 both exhibit a qualitatively similar equilibrium state both before and after the application of the external field, with the magnetization within the domains lying largely perpendicular to the symmetry axis. In contrast to device 1, the magnetization does not switch in response to the field applied parallel to the symmetry axis. Here, the smaller shape anisotropy-and therefore higher saturation fieldprevents the magnetization from jumping across the hard axis, meaning that the magnetization relaxes back into its original orientation. While the crystalline anisotropy determines the magnetization orientation within an equilibrium domain configuration, the competition between crystalline and shape anisotropy determines the stability of that configuration. The strong shape anisotropy and smaller domains within the pole tip, coupled to this region's complex threedimensional shape, make a detailed analysis of the behavior of the device within this region difficult.
In order to study the dynamic behaviour of different device designs, nominally identical copies of devices 3 and 4 were also studied by TRSKM. The results are compared to XPEEM images obtained before the application of the field parallel to the symmetry axis, as this latter field was intended to test the stability of, rather than reset, the equilibrium state. While minor variations in the equilibrium state are expected between nominally identical devices, these variations do not change the character of the observed dynamic response. Figures 3(d) and 3(e) show the dynamic response of devices 3 and 4, respectively. The pulsed current is flowing upwards in all frames, resulting in an in-plane magnetic field pointing to the right. For device 3, the perpendicular channel shows a strong signal along the symmetry axis, and also in the middle of the upper half of the yoke from 1.94 ns onwards. The equilibrium state suggested by the TRSKM imagery for device 3 is shown in Figure 3 (b) and is in qualitative agreement with the XPEEM results presented here. However, the perpendicular channel also shows weak contrast at 0.3 ns delay, before the arrival of the driving pulse, suggesting poor relaxation behaviour for this design under these driving conditions.
TRSKM images of device 4 show flux conducted along the bottom edge of the device in the perpendicular channel. With the driving field oriented towards the back of the device, this suggests that the magnetization within the bottom half of the confluence region is canted towards the back of the device, whereas the magnetization within the upper half of the confluence region is canted towards the pole tip. Flux conduction along the top edge of the device would lead to the formation of a tail-to-tail domain wall in the upper half of the yoke, whereas a head-to-tail wall would be formed in the lower half of the yoke. As the latter costs less dipolar energy, flux conduction along the lower edge of the device is energetically favourable. While the XPEEM images show that this design has a striped equilibrium domain structure, which should result in flux beaming along the symmetry axis of the yoke, 16 the shape anisotropy of the longer confluence region appears to be disrupting flux conduction. Figure 4 shows the time resolved Kerr rotation observed at different positions on devices 3 and 4 (defined in Figure  1(b) ). In device 3, the magnetization initially rotates in unison at each of the three measured points. However, the magnetization at position B relaxes quicker than at positions A and C. This suggests that the yoke drives flux conduction along the length of the device. In device 4, the magnetization exhibits more complex behavior. This is due to the flux beam in this device being positioned towards the lower edge, rather than along the symmetry axis. The dynamics of device 4 are therefore less well defined and depend on the detailed ground state of the device. Positioning of the focused laser spot on a domain wall may also complicate the signal further. However, it is possible to see that positions B and C, while initially rising with position A, then lag behind position A by %2ns, as can also be seen in Figure 3 (e). This indicates the presence of residual flux propagating through the writer after the driving pulse has ceased, potentially leading to erase-after-write errors in devices of this shape. 17 XPEEM has been used to image the equilibrium state of partially built hard disk write heads, showing detail in the confluence region and pole tip. These images suggest that the crystalline anisotropy dominates the equilibrium state configuration. The competition between crystalline and shape anisotropy determines the stability and repeatability of the equilibrium state. The equilibrium state domain structures suggested by the XPEEM images are in agreement with the images obtained by TRSKM. TRSKM images of the magnetodynamics in differently shaped writers further suggest that a longer, more acute confluence region may negatively impact flux conduction into the pole tip. By combining the results of both XPEEM and TRSKM, it is possible to better understand both the equilibrium state domain configuration and the dynamics within the yoke. Furthermore, the general principles presented here regarding the influence of geometric parameters on high frequency magnetization dynamics can elucidate the mechanisms of magnetic flux conduction within other micro-and nano-scale patterned materials. In order to further understand the writer dynamics, particularly within the nanoscale pole piece, a time-resolved XPEEM study is required. Figure 1(b) ) in the yokes of device 3 (top) and device 4 (bottom). Traces have been normalized for each position.
